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An over-all performance evaluation was conducted on a high-weight- 

flow, low-pressure-ratio, single-stage turbine f o r  use i n  a turbojet  
engine designed fo r  a cruise Mach number of 4.0. 
a t  the equivalent design operating point the ra t ing  efficiency was 
essent ia l ly  the estimated design value of 0.83. 
weight flow was obtained. 
the s t a to r  choked fo r  60 t o  100 percent of equivalent design speed. 
speeds above design speed the rotor  controlled the weight flow through 
the turbine. 

Results indicated tha t  

The equivalent design 
A t  over-all ra t ing pressure r a t i o s  above 1.75 

A t  

INTRODUCTION 

An investigation of turbine components suitable f o r  use i n  the 
powerplants of several advanced supersonic a i r c r a f t  i s  currently being 
made a t  the NACA Lewis laboratory. A s  a par t  of t h i s  program the re-  
quirements were investigated of a turbine f o r  use i n  a low-pressure-ratio 
turbojet  engine designed f o r  a cruise Mach number of 4.0. A study of 
these requirements revealed tha t  a single-stage turbine having reasonable 
turbine efficiency might be obtained. Such a turbine w i l l  have high- 
weight-flow per uni t  turbine f ron ta l  area, low specific work output, and 
a low hub-tip radius ra t io .  

In order t o  determine the character is t ics  of a turbine f o r  the 
above application, an experimental turbine has been designed. 
design of the turbine-rotor-blade passage the diffusion of the suction- 
surface velocity was kept t o  a minimum. 

In  the 

The method used i n  the aerodynamic design of the turbine together 
with the r e s u l t s  of a cold-air experimental performance investigation 
are presented herein. 

/ 

* T i t l e ,  Unclassified. 
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z 
The over-all turbine performance was obtained over a range of speed 

from 60 to 120 percent of the equivalent design rotative speed and a 
range of rating total-pressure ratio from 1.2 to 1.8. The inlet total 
temperature and pressure were nominally 80' F and 40 inches of mercury 
absolute, respectively. 
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SYMBOIS 

annular area, sq ft 

critical velocity of sound, ft/sec 

chord length, ft 

pressure-surface diffusion parameter, 
fblade-inlet relative velocity) - (min. blade-surface relative velocity) 

(blade-inlet relative velocity) 

suction-surface diffusion parameter, 
(max. blade-surface relative velocity) - (blade-outlet relative velocity) 

(max. blade-surface relative velocity) 

sum of suction- and pressure-surface diffusion parameter, 
Dp + Ds 

specific work output (based on measured torque), Btu/lb 

gravitational constant, 32.17 f t/sec2 

rotational speed, rpm 

absolute pressure, lb/sq ft 

torque, f t-lb 

gas constant, 53 . 35 f t-lb/( lb) (OR) 

radius, ft 

blade spacing, ft 

temperature, OR 

blade velocity, f t/sec 
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v 
V 

W 

U 

P 

Y- 

8 

E 

0cr 

a-bsolute gas velocity, f t /sec 

re la t ive  gas velocity, f t /sec 

weight flow, lb/sec 

absolute gas-flow angle measured from axial direction, deg 

re la t ive  gas-flow angle measured from axial direction, deg 

3 

r a t i o  of specific heats 

r a t i o  of i n l e t  t o t a l  pressure t o  NACA standard sea-level pressure 
of 2116 lb/sq f t  

1 
ys 2 function of y, - r YSZ 

aerodynamic efficiency, r a t i o  of actual turbine work (based on 
torque measurements) t o  ideal turbine work (based on e x i t  pres- 
sure p j )  

rating efficiency, r a t i o  of ac tua l  turbine work (based on torque 
measurements) t o  ideal  turbine work (based on exit  pressure 
&,3) 

squared r a t i o  of c r i t i c a l  velocity t o  c r i t i c a l  velocity at  NACA 
standard sea-level temperature of 518.7O R 

gas denslty, lb/cu f t  

blade so l id i ty  based on axial chord 

coefficient of aerodynamic loading 

Subscripts : 

e exit 

i n  i n l e t  

P pressure surface 

r any radius 
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S suction surface 

SZ NACA standard sea-level conditions 

t t i p  

t o t  t o t a l  

U tangential 

X ax ia l  

0,1,2,3 

Superscripts: 

measuring stations,  see f ig .  6 

1 t o t a l  or stagnation state 

re la t ive  t o t a l  o r  stagnation s t a t e  11 

TURBINE DESIGN 

Requirements 

It was desired t o  design a turbine having high-weight-flow per uni t  
f ronta l  area with re la t ive ly  low specific work output while a t  the sitme 
t i m e  maintaining good aerodynamic efficiency. 

The cold-air, single-stage turbine used i n  this investigation i s  16 
The inches i n  diameter and has a constant hub-tip radius r a t i o  of 0.53. 

over-all design requirements for t h i s  turbine are  as fol lows:  

Equivalent specific work output, E/8,,, Btu/lb . . . . . . . . 12.22 - 
* . 28.09 wlJ9cr lb 

E ,  sec Equivalent weight flow, 

Equivalent blade- tip speed, Ut/<, f t /sec . . . . . . . . . . 520 

tt 
I- n a 

These design cr i te r ion  were selected as a r e s u l t  of an unpublished 
analysis of a hy-pothetical turbojet  engine designed f o r  a cruise Mach 
number of 4.0. 
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Velocity Diagrams 

3 
rl 
-I 
I 
1 

The design velocity diagrams at the free-stream stations at the 
stator inlet, stator exit, and rotor exit were determined on the basis 
of the following assumptions: free-vortex flow, simplified radial 
equilibrium, and over-all adiabatic efficiency of 0.83. These velocity 
diagrams, and those calculated for stations in the plane of the blade 
trailing edge for both the stator and rotor, are presented in figure 1. 
The velocity diagrams and the design efficiency were obtained by an 
iterative process in which a set of velocity diagrams was calculated 
based on an assumed efficiency. 
through the turbine were obtained from the average velocity level by the 
method derived in reference 1. 
coefficient X of 0.06 for the stator and 0.17 for the rotor are used in 
equation (A6) of reference 1. These values of X are representative 
values for low-loss turbines investigated at the Lewis laboratory. A 
new turbine efficiency was then calculated and compared with the assumed 
value. 
in 1 percent of the calculated value. 
the estimated design efficiency is a reasonable value for the subject 
turbine. 
weight flow resulting in high axial Mach numbers and the low specific 
work output are not conducive to achieving high efficiency values. 

Using these velocity diagrams, the losses 

A value of the kinetic-energy loss 

This process was continued until the assumed efficiency was with- 
The resulting value of 0.83 for 

Even though the losses through the turbine are low, the high 

A condition of impulse, defined herein as the rotor relative inlet- 
critical-velocity ratio equal to the relative exit-critical-velocity 
ratio in the plane of the trailing edge, exists at the hub of the rotor 
(see fig. 1). " 

The energy loss  caused by the whirl component of the absolute veloc- 
ity at the rotor-exit mean section (station 3) amounts to 2.0 percent of 
the design work output. 

These velocity diagrams show that, because of the'relatively low 
radius ratio (0.53) and free-vortex design, a rather wide variation occurs 
in the flow conditions from hub to tip in both the stator and rotor, 
For example, the critical velocity ratio 
varies from a supersonic value (1.048) at the hub to 0.698 at the tip 
section. 
40.150 at the tip section. 
varies from 52.90' at the hub to -2.06' at the tip section. 
siderable twist is required in the rotor blade from the hub to the tip 
sections . 

(V/a&)z at the stator exit 

The turning through the rotor varies from 84.44O at the hub to 
The relative rotor-inlet flow angle pz 

Thus, con- 



6 

Blade Design 
w 

A minimization of blade loss is desired i n  the design of turbine 
s t a to r  and r o t o r  blades. 
by optimizing the sol idi ty.  
the i n i t i a l  value of s tator-  and rotor-blade so l id i t i e s  at the hub, mean, 
and t i p  sections fo r  the subject turbine. 
9 of 0,8 was used i n  equation (A5) of the appendix and w a s  assumed t o  be 
constant over the blade height. The number of blades was determined from 
the so l id i t i e s  obtained from the appendix, the aspect r a t i o  (3.0), and the 
turbine radius r a t i o  (0.53). 

For a given aspect r a t i o  this can be accomplished - 
The method of the appendix was used t o  obtain 

A blade-loading coefficient 

Simplified radial equilibrium was assumed t o  ex i s t  along radial 
elements a t  each a x i a l  location through the blade passage. 
pressure drop through the blade row was assumed t o  be l inear  i n  the axial 
direction. 

The to ta l -  

Procedure. - In  general, the three-dimensional design procedure of 
reference 2 was used t o  design the subject turbine stator- and rotor- 
blade profiles.  An outline of the procedure used herein i s  presented 
since it differs somewhat from tha t  presented i n  reference 2. 

1. A blade shape was approximated. 

(a) A straight suction surface was drawn from the throat t o  the 
t r a i l i n g  edge at  the ex i t  f l o w  angle relat ive ' to  the blade i n  
the plane of the t r a i l i ng  edge a t  the hub, mean, and t i p  
sections. 

P 

1 

(b) The suction surface a t  the leading edge was drawn a t  an 
angle equal t o  or s l igh t ly  l e ss  than the i n l e t  re la t ive  f l ow  
angle a t  each section. 

(c)  The channel shapes were then drawn i n  such a way that a 
smooth channel with no abrupt changes i n  curvature resulted, 
For the s t a t o r  the contours were chosen so that a large 
portion of the turning would occur near the blade leading 
edge where the flow has low momentum. 

(d) The positions of the velocity potent ial  l ines  and midchannel 
streamlines were estimated. 

2. In order t o  obtain a reasonable midchannel velocity dis tr ibut ion 
a t  the hub as a first trial, the velocity over the suction surface was 

of appendix B, reference 3, was applied. 
assumed constant and equal t o  the blade-outlet velocity, and the method L' 
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3. By using the midchannel velocity dis t r ibut ion a t  the hub and the 
radial equilibrium relat ion of appendix B, reference 3, the blade shape 
w a s  analyzed t o  obtain the midchannel and surface-velocity distributions 
a t  the hub, mean, and t i p  sections. 
(B l )  of appendix B, refernce 3, i s  set equal t o  zero f o r  the s ta tor .  

The blade speed term i n  equation 

4. The w e i g h t  flow was then calculated a t  each axial s ta t ion through 
the blade passage using the method of reference 4. 
value of weight flow differed from the design value a t  any axial station,  
the midchannel velocity dis t r ibut ion a t  the hub was altered and the 
procedure (beginning a t  s tep 3) was repeated u n t i l  the calculated value 
of weight flow was within one-half of 1 percent of the design value. 

If this calculated 

5. The suction-surface diffusion was calculated a t  the three sections. 
If the diffusion a t  any section was higher than desired, the blade shape 
w a s  altered and steps 3 and 4 repeated u n t i l  a sat isfactory blade shape 
was obtained. 

Discussion of s t a to r  blade. - The stator-blade so l id i t i e s  obtained 
by the method of the appendix were calculated assuming zero suction-surface 
diffusion and a pressure-surface diffusion of 0.55 a t  the hub, mean, and 
t ip .  These so l id i t i e s  resulted i n  a large increase i n  ax ia l  chord from 
hub t o  t i p  blade sections and re la t ive ly  high suction-surface diffusion 
a t  the hub and mean sections. In  order t o  reduce the suction-surface 
diffusion a t  these sections, the ax ia l  chord a t  the hub and mean sections 
was increased. The f ina l  ax ia l  chord a t  the hub i s  about one-half of 
tha t  a t  the t ip .  The f i n a l  stator-blade so l id i t i e s  and the result ing 
values of suction-surface diffusion a t  the hub, mean, and t i p  sections 
a re  given i n  table  I. Thirty-nine s t a to r  blades were used f o r  the sub- 
jec t  turbine. The design velocity distributions on the midchannel l i n e  
and the blade surfaces a t  the hub, mean, and t i p  sections a re  shown i n  
figure 3(a). The pressure-surface diffusion f o r  the s t a to r  was not cal-  
culated since the velocity a t  the blade leading edge is  not obtainable 
because of l imitations of the stream-filament technique. 

The f ina l  blade shapes were obtained by stacking the hub, mean, and 
t i p  blade profi les  so that the midpoints of the potent ia l  l ines  across 
the channel exits a t  the three sections were on a radial l ine.  The 
stator-blade-section profi les  are shown i n  figure 2. The coordinates of 
the stator-blade sections are presented i n  table II(a). 

Discussion of rotor blade. - The values of rotor-blade surface dif-  
fusion used i n  the method of the appendix t o  calculate the so l id i ty  were 
zero and 0.55 f o r  the suction and pressure surfaces, respectively, f o r  
a l l  three blade sections. The values of so l id i ty  and the result ing sur- 
face diffusion fo r  the rotor  are given i n  table I. 
ment of zero suction-surface diffusion has been w e l l  sa t i s f ied  with zero 
being obtained on the hub and t i p  sections and 0.10 on the mean section. 

The design require- 

J 
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The values of pressure-surface diffusion obtained on the hub, mean, and 
t i p  sections were 0.50, 0.43, and 0.22, respectively. The velocity 
dis t r ibut ions on the midchannel l i n e  and the blade surfaces a t  the hub, 
mean, and t i p  sections are presented i n  f igure 3(b). 
were used i n  the rotor. The rotor  aspect r a t i o  was three. 

Fifty- six blades 

The final blade shape was obtained by stacking the hub, mean, and 
t i p  section profi les  so  that the centers of gravity a t  the three sections 
were on a radial l i n e  i n  order t o  minimize the bending s t ress .  
blade section profi les  are shown i n  figure 2. 
rotor-blade sections are presented i n  table I I (b )  . 

The rotor- 
The coordinates of the 

APPARATUS 

Test Instal la t ion 

The experimental setup of the turbine i s  shown i n  f igure 4. The air  
supply was thro t t led  t o  the desired turbine- inlet  pressure. A f t e r  
throt t l ing,  the a i r  weight flow was measured by a submerged, calibrated 
ASME flange-tap, f la t- pla te  or i f ice .  
t e r  and in to  an i n l e t  plenum. Within the i n l e t  plenum, the air passed 
through a screen and then was directed through a bellmouth, which 
supplied air t o  the turbine-stator assembly. The air passed through the 
turbine in to  an exhaust plenum, from which it was discharged in to  the 
laboratory exhaust f a c i l i t i e s .  

The air  then passed through a f i l -  

A single 1700-horsepower cradled dynamometer of the eddy-current dry- 
gap type was used t o  absorb the power output of the turbine. 
t,orque output was measured by means of a balanced-diaphragm thrustmeter. 
The turbine rotat ive speed was measured with an electronic events-per- 
uni t  t i m e  meter. 

The turbine 

The turbine-stator and -rotor assemblies a re  shown i n  f igure 5. The 
turbine rotor-blade design resulted i n  a blade tha t  was long and thin.  
Aluminum was used i n  the fabrication of these blades. 
f i n a l  rotor-blade assembly might vibrate excessively during operation t o  
cause blade fai lure .  
f i rst  threading a 0.016-inch-diameter s ta inless  s t e e l  wire through, then 
looping it around each rotor blade near the t r a i l i n g  edge i n  the t i p  
region, (see f ig .  5 (b) )  

Therefore, the 

Structural  s t a b i l i t y  was maintained therefore by 

Instrumentation 
A 

The instrumentation used f o r  the over-all perfclrmance evaluation of 
the turbine was located a t  s ta t ions 0, 1, 2, and 3 as shown i n  figure 6. - 

i 
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The f l o w  conditions a t  the turbine i n l e t  were measured by means of two 
total-temperature probes and t w o  total-pressure probes located i n  the 
inlet-plenum chamber (s ta t ion  0) , Static-pressure measurements a t  sta- 
t ions 1, 2, and 3 were obtained from fou r  wall s t a t i c  taps located on 
both the inner and outer wall o f  each measuring station. 

The static-pressure taps a t  s tat ions 1 and 2 were located approxi- 
mately midway circumferentially between adjacent s t a t o r  blades, 
total-temperature rakes were located a t  s tat ion 3; each rake consisted 
of f ive  thermocouples positioned s o  that the temperatures a t  the centers 
of 10 equal annular areas were obtained. 

Two 

Radial surveys of f l o w  angle were made at s tat ion 3 with an angle 
survey probe mounted i n  a remotely controlled moveable actuator. 
schematic diagram of the axial measuring s tat ions and instrument loca- 
tion a t  each s tat ion i s  shown i n  f igure 6. Photographs of the instru-  
ments are  shown i n  figure 7, 

A 

METHODS AND PROCEDURE: 

Experimental Procedure 

The turbine was operated with a measured i n l e t  t o t a l  pressure 

of approximately 40 inches of mercury absolute and a nominal i n l e t  t o t a l  
temperature 

p'  0 

Tb of 540' R f o r  rotat ive speeds of 60- t o  120-percent 

equivalent design speed i n  10-percent increments over a range of rat ing 
pressure r a t i o  p ' /pr  from 1.2 t o  A.8. 

1 x , 3  

Experimental h t a  Reduction and Performance Calculations 

In order t o  evaluate the over-all turbine performance, calculated 
values of t o t a l  pressure a t  stations 1 and 3 were used. The following 
one-dimensional equation fo r  obtaining this pressure was derived from 
the equations of continuity and energy, the equation of s ta te ,  and the 
isentropic relat ion between pressure and temperature. 

The s t a t i c  pressure used in this equation i s  the numerical average of 
hub and t i p  s t a t i c  pressures measured by the w a l l  static-pressure taps 
a t  the axial s ta t ion  under consideration. 
termined by averaging the probe to ta l -  temperature readings (corrected 

The t o t a l  temperature i s  de- 

i 
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f o r  Mach number) a t  e i ther  s ta t ion  0 or s ta t ion  3. 
ments a t  s ta t ion  0 were used i n  the total-pressure computation a t  sta- 
t ion  1. The 
radial flow-angle measurements a t  s ta t ion  3 were averaged across the 
annulus,then plotted and fa i r ed  against  the s t a t i c  pressures a t  this 
station. The flow direction a t  s ta t ion  1 i s  assumed axial. 

Temperature measure- 

A f a i r ed  flow-angle measurement i s  used i n  equation (1) 

In  addition t o  t h i s  total-pressure computation a t  measuring s ta t ions 
1 and 3, a calculated turbine ra t ing  t o t a l  pressure w a s  computed a t  the 
turbine exit  (s ta t ion 3). T h i s  ra t ing  t o t a l  pressure i s  defined as the 
s t a t i c  pressure a t  tha t  s ta t ion  plus the pressure corresponding t o  the 
axial component of velocity. This rat ing t o t a l  pressure can be s ta ted 
i n  equation form as: 

where 
number. The idea l  equivalent work of the turbine w a s  based on the out- 
l e t  t o t a l  pressure, the i n l e t  t o t a l  pressure, and the i n l e t  t o t a l  
temperature. 
speed, and weight-flow measurements. 

Mx i s  the ax ia l  component of the one-dimensional annulus Mach 

The actual  equivalent work w a s  determined from torque, 

The experimentally obtained equivalent torque and weight-flow data 
were plot ted and fa i r ed  against the over-all ra t ing  total-pressure r a t i o  
pi/p$, 3 f o r  constant values of equivalent blade speed. Information 
taken from the fa i red  curves of torque and weight flow a t  even incre- 
ments of the rat ing pressure r a t i o  was used t o  compute the performance 
map. 

F5SULTS AND DISCUSSION 

The over-all performance of the turbine i s  presented i n  figure 8(a) 
where equivalent work output i s  plotted against the weight-flow p a r a -  
e te r  - wN & f o r  constant values of equivalent speed and ra t ing  pressure 

606 
r a t i o  p;/p&, 3. In addition, contours of constant brake internal  ra t ing 

efficiency q, based on pi/p& are shown. 

A t  equivalent design work and speed, an efficiency of 0.828 w a s  ob- 
Values of efficiency greater tained a t  a rat ing pressure r a t i o  of 1.55. 

than 0.86 Ylrere obtained a t  low-speed turbine operation. 
shows tha t  the turbine yields good efficiency over a wide range of ra t ing  
pressure r a t i o  and speed. 

Figure 8(a) 

M 
I 
P 
N 
a, 
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In order t o  present a more complete evaluation of the turbine per- 
formance, a performance map with the eff iciencies  of the turbine based 
on the over-all pressure r a t i o  p i /p j  

A t  equivalent design work output and speed, an efficiency of 0,835 
i s  now obtained a t  a pi/pi  s l ight ly  l e ss  than 1,55, This efficiency 
i s  only 0,007 higher than the efficiency based on ~ i / p i , ~ .  This s m a l l  

difference i n  efficiency based on p.i/pi and shows that the 

tangential veloci t ies  a t  the turbine out let  a re  small which indicates a 
re la t ive ly  small energy loss  due t o  the exi t  tangential  velocity. 

-+ i s  presented i n  f igure 8(b) ,  

The variation of equivalent weight flow with rat ing pressure r a t i o  
f o r  the equivalent speeds investigated i s  shown i n  f igure 9. The value 
fo r  equivalent design weight f l o w  i s  indicated on the weight-flow ordi- 
nate. 
corresponding t o  equivalent design work, the measured turbine weight 
f l o w  was essent ial ly  the design value. Choking weight flow, indicated 
when the curves have a zero slope, was obtained above a rating to ta l -  
pressure r a t i o  of 1.75 f o r  a l l  speeds investigated. 
the value of choking weight f l o w  remains constant f o r  speeds up t o  and 
including design speed, indicating that the stator choked f o r  these 
speeds prior  t o  the ro to r  and controlled the weight f l o w  passed by the 
turbine, A t  turbine r o t o r  speeds greater than design the value of chok- 
ing weight flow decreases, indicating that the rotor blade row chokes 
i n i t i a l l y  and l imits  the turbine weight f l o w .  

A t  equivalent design speed and a rating pressure r a t i o  of 1.55 

Figure 9 shows that 

The variation of equivalent torque with rat ing pressure r a t i o  fo r  
the equivalent speeds investigeked i s  shown i n  f igure 10, Pressure 
ra t ios  across the turbine large enough t o  achieve l imiting loading were 
not obtainable. Limiting loading fo r  any given speed is  defined herein 
as the point a t  which a further  increase i n  pressure r a t i o  does not pro- 
duce an increase i n  torque. 

The following resul t s  were obtained from an experimental investiga- 
t ion of a high-weight-'flow, low-pressure-ratio, single-stage turbine. 
The turbine was operated over a range of equivalent speed and pressure 
r a t i o  a t  i n l e t  conditions of 40 inches of mercury absolute and 80' F. 

1. A t  equivalent design work and speed, design weight f l o w  was ob- 
tained. 
mated design value of 0.83. 

The rat ing efficiency a t  t h i s  point was essent ial ly  the esti- 

2. Over the range of pressure r a t i o  investigated limiting loading 
was not reached. 



3. The s ta tor  choked a t  over-all  pressure r a t i o s  above 1.75 fo r  
60 t o  100 percent of  equivalent design speed. 
the r o t o r  controlled the  weight flow through the turbine. 

A t  speeds above design 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, August 18, 1958 ' 
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APPENDIX - A METHOD FOR INITIAL EVALUATION OF BLADE SOLIDITY 

FOR GIVEN BLADE-SURFACE-DIFFUSION PARAMETERS 

In order t o  obtain an i n i t i a l  value of so l id i ty  f o r  use i n  the de- 
sign of a blade section, a blade-loading coefficient i s  used similar t o  
that developed i n  reference 5. 
r a t i o  of the actual  blade loading t o  an idea l  blade loading, 
derivation of reference 5 the ideal blade-loading condition i s  one i n  
which the i n l e t  stagnation pressure i s  effective over the en t i re  blade 
pressure surface while the blade out le t  s t a t i c  pressure i s  effective 
over the ent i re  suction surface. I n  the present analysis, a l so ,  con- 
s tan t  values of velocity and, therefore, s t a t i c  pressure, are assumed 
on each of the blade surfaces i n  determining the  idea l  blade loading. 
However, the constant surface veloci t ies  are determined from the veloc- 
i t y  diagrams and assumed values f o r  the blade-surface-diffusion param- 
e ters  i n  the present analysis,  In  addition, the isentropic compressible 
flow relat ions are used whereas the method of reference 5 assumes incom- 
pressible flow. 

The blade-loading coefficient i s  the 
I n  the 

The constant suction- and pressure-surface c r i t i c a l  velocity r a t ios  
fo r  the ideal blade loading a re  obtained from the relat ions 

The corresponding s t a t i c  pressures and densit ies a re  obtained from the 
isentropic-flow relations. The equation f o r  conservation of momentum 
i n  the tangential  direction f o r  the mass of f lu id  included i n  a blade 
channel may be written 

Equation (A3) defines the blade-loading coefficient 0. Assuming no 
loss through a blade row, 
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Division of equation (A3) by this quantity gives 

With the relat ions 

vx = v cos a 

Vu = V s i n  a 

the definit ion of c r i t i c a l  velocity, and the perfect gas l a w ,  equation 
(A4) may be solved f o r  so l id i ty  t o  y ie ld  

(A51 

Relation (A5) was written with the s t a to r  angle 
may be applied t o  the ro tor  by replacing the s t a to r  angles 
flow angles re la t ive  t o  the rotor  
c ient  
i n  the i n i t i a l  layout of a blade design. 

a. The same relat ion 
a by the 

A value of the loading coeffi-  
CP of 0.80 has yielded sat isfactory values of so l id i ty  f o r  use 
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TABLE I. - SURFACE DIFFUSION AND SOLIDITY 

PARAMETERS FOR STATOR AND ROTOR BLADES 

Blade 

Stator  

Rotor 

Sect ion 

Hub 
Mean 
Tip 

Hub 
Mean 
Tip 

Blade-surface 
diffusion 
parameters 

D s  
0.06 
.10 
.12 

0 

0 
.10 

0.50 
.43 
.22 

Dtot 

0.50 
.53 
.22 

Solidity, 
d 

1.08 
1.15 
3.19 

2.71 
1.59 

.99 

h 

P 



WiX 11. - BLADE-SEC"IIION COORDINIlTES 

(a) S ta to r  blade 

I 

X, 
in. 

0 
.05 
.10 
.15 
.20 
.25 
.30 
.35 
.40 
.45 
50 - 60 

.70 

.80 

.90 
1.00 
1.10 
1.115 
1.20, 
1.30 
1.40 
1.50 
1.502 
1.60 
1.70 
1.802 

to axis 
of ro t a t ion  

Hub 
e = 48'0' 

r/rt = 0.533 

rL, in. 

0.012 
.012 
.028 
.043 
.056 
067 

.081 

.086 

.089 

.089 

.082 

.068 

.052 

.035 

.018 . 000 

.012 

* 075 

tu, in. 

0.012 
.064 
.099 
.123 
.139 
.149 
.153 
.154 
.152 
.147 
.l39 
.121 
.lo1 
,082 
.063 
.044 
.024 
.012 

Me an 
e = 40'40' 

r/rt = 0.766 

YL, in. 

0.012 
.011 
025 

.038 
051 

e 064 
.074 
.085 
.094 
101 

. l o7  

.1l3 

.l13 

.lo8 

.096 

.082 

.066 

.049 

.031 

.014 

.012 

qJ, h. 

0.012 
059 

.096 

149 
.168 
.181 
.191 
.196 
.198 

.186 

.170 
150 

.E52 

.113 

.095 

e 125 

197 

076 
058 

.040 

.012 

T i p  

e = 32042' 
r/rt = 1.000 

0.012 
.015 
.036 
055 
073 
089 

.lo2 

.114 

.124 

.131 

.138 

.145 

.148 
,147 
.141 
,134 
.123 

.lo8 

.092 
075 

.058 

-039 
.021 
012 

Cut in. 

0.012 
.050 
081 
.112 
.140 - 166 
.188 
.207 
.221 
,232 
.238 
.241 
.234 
.219 
.201 
.182 
.162 

.143 

. E 3  
103 

.084 

-064 
.045 
012 



TABLE 11. - Concluded. BLADE-SECTION COORDINAlllES 

(b) Rotor blade 

X? 
i n  

0 
.1 
.2 
. 3  
.4 
.5  
-6 
.7 
.8 
.9 
1.0 
1.076 
1.1 
1.124 
1.2 
1.302 

J ~ / Liarallel t o  axis 
of ro ta t ion  

Hub 
0 = -5'12' 

r/rt = 0.533 

YL, in. 

0.012 
.070 
.138 
.194 

.264 
-278 

.261 
,231 
.188 

.132 

.064 

.012 

236 

276 

Yu? in. 

0.012 
.121 
-215 
290 
.342 
.373 
.384 
.376 
.347 
.300 
.240 

.170 

.095 

.012 

M e  an 
e = 13012' 

r/rt = 0.766 

YL, in. 

0.012 
.052 
.lo4 
.140 
.164 
.173 

.153 

.126 

.090 
* 050 

169 

.012 

rUj in. 

0.012 - 105 - 175 
-245 
.243 
.231 
.202 
.165 
.120 
075 

- 223 

* 012 

Tip 

r/rt = 1.000 
6 = 34'0' 

YL, in.  

0.012 
015 - 026 
036 
.043 
.046 
.045 
.040 
.035 
024 
.010 
.012 

Yu7 i n  

0.012 
069 - 098 

* 112 
.112 
.105 
.092 
.078 

.049 
* 035 
.012 

063 
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Axial location, in. 
(Hub) 

(a) Stator blade. 

Figure 3. - Design blade midchannel and surface-velocity distribution at 
hub, mean, and t i p  sections as a function of axial location. 
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c r i t i c a l  ve loci ty  

0 .2 .4 .6  .8 1.0 1.2 1.4 
Axial location, in. 

(Hub) 

(b) Rotor blade. 

Figure 3. - Concluded. Design blade midchannel and surface-velocity 
d is t r ibut ion  at hub, mean, and t i p  sections as a function of ax ia l  
location. 
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h 

Exhaust 
plenum 

In le t  plenum 

1 2  3 
(Measuring s ta t ion  3 

is  located 2.1 rotor-  
blade chords downstream 
of turbine exi t . )  

I 
Station 0 

Station 0 

S t a t i c  pressure 
-Total temperature 
---B-Probe actuator 

2 3 

Figure 6. - Schematic diagram of turbine showing instrumentation. 
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(a) Total-temperature rake. 

F i m e  7. - Tspical instruments. 
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(b) Survey probe, angle. 

Figure 7. - Concluded. Typical instruments. 
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Figure 10. - Variation of equivalent torque with rating totaf-presswe ratio for  values of constant 
equivalent rotor speed. 

NASA - Langley Field, Va. E- 128 
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